A supplemental appendix to this article is published electronically only at http://jdr.sagepub.com/supplemental. AbstrAct C-type natriuretic peptide (CNP) is a potent stimulator of long bone and vertebral development via endochondral ossification. In the present study, we investigated the effects of CNP on craniofacial skeletogenesis, which consists of both endochondral and membranous ossification. Morphometric analyses of crania from CNP knockout and transgenic mice revealed that CNP stimulates longitudinal growth along the cranial length, but does not regulate cranial width. CNP markedly increased the length of spheno-occipital synchondrosis in fetal murine organ cultures, and the thickness of cultured murine chondrocytes from the sphenooccipital synchondrosis or nasal septum, resulting in the stimulation of longitudinal cranial growth. Mandibular growth includes endochondral and membranous ossification; although CNP stimulated endochondral bone growth of condylar cartilage in cultured fetal murine mandibles, differences in the lengths of the lower jaw between CNP knockout or transgenic mice and wild-type mice were smaller than those observed for the lengths of the upper jaw. These results indicate that CNP primarily stimulates endochondral ossification in the craniofacial region and is crucial for midfacial skeletogenesis.
IntrODuctIOn
M ammalian skeletons are formed through intramembranous or endochondral ossification. The former occurs when mesenchymal precursor cells directly differentiate into bone-forming osteoblasts, whereas in the latter process, mesenchymal cells differentiate into chondrocytes and form a cartilage anlage, which is eventually remodeled into calcified bone (Lenton et al., 2011) . Although most mammalian bones are formed through endochondral ossification, the craniofacial skeleton contains bones that develop through either intramembranous or endochondral ossification; bones of the face and cranial vault are thought to develop via intramembranous ossification, whereas the skull base, nasal septum, and condyle in the mandible are created via endochondral ossification (Takigawa et al., 1984; Takano et al., 1987) .
C-type natriuretic peptide (CNP) is one of the members of the natriuretic peptide family . CNP exerts its biological actions through a subtype of membranous guanylyl cyclase receptor, guanylyl cyclase-B (GC-B), by elevating the intracellular cGMP production . We previously disclosed that the CNP/GC-B system is a potent stimulator of endochondral bone growth; both CNP and GC-B are expressed in the growth plate of long bones and vertebrae (Chusho et al., 2001) , and mice lacking CNP or GC-B exhibit severely impaired growth of long bones and vertebrae (Chusho et al., 2001; Tamura et al., 2004) . In contrast, transgenic mice with targeted overexpression of CNP in growth plate cartilage or transgenic mice with increased levels of circulating CNP exhibit prominent skeletal overgrowth (Yasoda et al., 2004; Kake et al., 2009) .
Regarding the effects of CNP in the craniofacial region, previous studies in transgenic or knockout mice showed that CNP stimulates longitudinal growth of the skull (Chusho et al., 2001; Yasoda et al., 2004; Kake et al., 2009) . Nevertheless, the comprehensive effects of CNP on craniofacial skeletogenesis, including the growth of various components of the craniofacial skeleton, have not been fully elucidated. In the present study, we performed closer analyses of the effects of CNP on craniofacial skeletogenesis.
MAtErIAls & MEthODs Animals
Transgenic mice expressing CNP under the control of the mouse type II collagen promoter (Col2-Nppc-Tg mice) and CNP knockout mice (Nppc −/− mice) were described previously (Chusho et al., 2001; Yasoda et al., 2004) . Animal care and all experiments were conducted in accordance with the institutional guidelines of the Kyoto University Graduate School of Medicine.
the Effects of c-type natriuretic Peptide on craniofacial skeletogenesis
Imaging of skulls
Skulls from adult mice were fixed in 95% ethanol. Threedimensional reconstructions were made with microcomputed tomography (μCT, SMX-100CT-SV3, Shimadzu Co., Kyoto, Japan). The details of the methods are included in the Appendix.
soft X-ray Imaging
Soft x-ray analyses were performed with an SRO-M5 system (30 kVp, 5 mA for 1 min; Softron, Tokyo, Japan).
Organ culture
Organ culture experiments of mandibles and cranial bases from WT or Nppc −/− mice at birth were performed as previously reported (Lei et al., 2008) . The details of the methods are included in the Appendix.
Micromass cultures
The micromass culture of chondrocytes from mandibular condylar cartilage (MCC), spheno-occipital synchondrosis (SOS), or nasal septal cartilage (NSC) was performed as described in the Appendix.
histological Analysis
For light microscopy, sections were cut from paraffin-embedded specimens. The details of the methods, including immunohistochemical staining, are described in the Appendix.
real-time reverse-transcription/Polymerase chainreaction (rt-Pcr) Analyses
The details of the methods are included in the Appendix.
statistical Analysis
Data are expressed as means ± SEM. Statistical analysis was performed by analysis of variance (ANOVA) with Fisher's least significant difference method when appropriate. P values less than 0.05 were considered statistically significant. We used a non-parametric statistical technique to evaluate the significance of differences observed with Euclidean distance matrix analysis (EDMA).
rEsults

Morphologic Analyses of skulls from cnP Mutant Mice
To investigate the effects of CNP on craniofacial skeletogenesis, we examined the skulls of CNP mutant mice. Gross morphologic analyses and skeletal preparations demonstrated that, compared with WT mice, the skulls of Nppc −/− mice were longitudinally shorter, whereas those of Col2-Nppc-Tg mice were longer (Figs. 1A, 1B) . Further, skeletal preparations revealed shorter lower jaws in Nppc −/− mice than in WT mice. In contrast, lower jaws of Col2-Nppc-Tg mice did not differ from those obtained from WT mice (Fig. 1B) .
To further analyze morphologic changes in the skulls of CNP mutant mice, we performed morphometric analyses using μCT images (Figs. 1C, 1D ). Linear measurements-defined in Fig.  1C -confirmed significantly reduced and increased skull lengths for Nppc −/− crania and Col2-Nppc-Tg crania, respectively. Nose length, nasal bone length, and upper jaw length, which together comprise the skull length, were each significantly reduced in Nppc −/− crania and increased in Col2-Nppc-Tg crania, compared with results from WT crania. The lower jaws of Nppc −/− mice were also shorter than those of WT mice, although the phenotype was milder than those of bones that contribute to the growth of skull length. The lower jaw length of Col2-Nppc-Tg mice did not markedly differ from that of WT mice. Skull widths and inter-orbital distances were not affected by the genetic modifications.
Next, we investigated morphologic craniofacial changes in the mutant mice using Euclidean distance matrix analysis (EDMA) (Fig. 1E) (Richtsmeier et al., 2000; Arron et al., 2006) . The nasal, premaxilla, maxilla, and frontal bones were more markedly affected than the neurocranium, resulting in hypoplasia in Nppc −/− crania or hyperplasia in Col2-Nppc-Tg crania along the sagittal plane. Nppc −/− mice showed mandibular hypoplasia at the center of the condylar process and angular process in the sagittal direction. No difference in EDMA measurements was noted among the mandibles of WT and Col2-Nppc-Tg mice.
Effects of cnP on the Growth of the skull base
The spheno-occipital synchondrosis (SOS) is an important growth center in the craniomaxillofacial skeleton; this structure regulates temporal and positional cues for the growth and development of the maxilla (Singh, 1999; Lei et al., 2008) . The longitudinal length of the skull base is defined as endochondral bone growth occurring at SOS. Because CNP is a potent stimulator of long bone and vertebral growth via endochondral ossification, we investigated the effects of CNP on endochondral bone growth in the skull base. μCT imaging showed that the skull base was shorter in Nppc −/− mice and longer in Col2-Nppc-Tg mice compared with WT mice (Fig. 2A) . In fact, both the occipital and sphenoid bones that comprise the skull base were significantly shorter in Nppc −/− mice and longer in Col2-Nppc-Tg mice than in WT mice (Fig. 2B) . Furthermore, histological examination revealed that, compared with WT skull bases, SOS was markedly narrower in the Nppc −/− skull base and wider in the Col2-Nppc-Tg skull base at the ages of 2 and 4 wks (Figs. 2C, 2D ). Immunohistochemical analysis of type X collagen-a marker of hypertrophic chondrocyte differentiationrevealed a narrower and wider hypertrophic chondrocyte layer in Nppc −/− synchondroses and Col2-Nppc-Tg synchondroses, respectively (Figs. 2C, 2D ). In Col2-Nppc-Tg synchondroses, chondrocytes in the hypertrophic and proliferative layers were enlarged compared with cells in the WT synchondroses, especially at the age of 4 wks (Figs. 2C, 2D) . As for the expression pattern of GC-B, the receptor of CNP, in WT SOS, immunohistochemical analysis revealed that GC-B is expressed in prehypertrophic chondrocytes (Fig. 2E) . Furthermore, CNP was also, but weakly, expressed in the prehypertrophic chondrocytes in WT SOS (Fig. 2E) .
To further analyze the effects of CNP on endochondral bone growth at SOS, we performed organ culture experiments using J Dent Res 92(1) 2013 skull base explants from fetal Nppc −/− and WT mice. At the end of 6-day cultures, synchondroses of skull base explants from Nppc −/− mice were approximately 15% shorter than those from WT mice (Figs. 2F, 2G ). In contrast, treatment of WT skull base explants with CNP significantly increased the lengths of SOS (Figs. 2F, 2H) . SOS in WT skull base explants treated with 10 −8 or 10 −7 M CNP for 6 days were approximately 30% longer than results observed in explants treated with vehicle (Fig. 2H) . Moreover, chondrocytes in the CNP-treated SOS were enlarged compared with vehicletreated chondrocytes (Fig. 2F) . As for the effect of CNP on the proliferation of chondrocytes in SOS, we performed immunohistochemical staining for PCNA and found that CNP did not significantly, but tended to, increase the ratio of PCNA-positive cells (Fig. 2I) . In contrast, immunohistochemical analysis of type X collagen revealed a narrower and wider hypertrophic chondrocyte layer in Nppc −/− synchondroses and WT synchondroses treated with 10 -7 M CNP, respectively (Fig. 2J) .
We also studied the effects of CNP on chondrocytes from SOS using micromass cultures. CNP dose-dependently increased the micromass thickness of chondrocytes from WT SOS (Fig. 2K) . The chondrocytes dose-dependently increased in size in response to CNP (Fig. 2K) . Further, we analyzed expressions of chondrogenic differentiation markers of micromass using real-time RT-PCR. The expression of aggrecan, a major sulfated proteoglycan of the cartilage matrix and a highly specific marker of differentiated chondrocytes, was significantly higher in the CNP-treated group than in the vehicle-treated group (Fig. 2L) . The expression of type X collagen, a specific marker for hypertrophic chondrocytes, was also significantly higher in the CNP-treated group than in the control group (Fig. 2L) .
Effects of cnP on Endochondral bone Growth from nasal septal cartilage (nsc)
Growth of NSC is essential for longitudinal facial growth (Wealthall and Herring, 2006) . Because μCT analysis revealed that nasal bone length or nose length was significantly shorter in Nppc −/− mice and significantly longer in Col2-Nppc-Tg mice, after confirming the expression of both CNP and GC-B in WT NSC by immunohistochemical staining (Appendix Fig.) , we examined the direct effects of CNP on NSC using micromass cultures of chondrocytes from WT nasal septum. Histological sections revealed that CNP increased the thickness of the micromass, an effect that was dose-dependent (Fig. 3A) . The addition of CNP resulted in larger chondrocytes and increased extracellular space stained by Alcian blue. In real-time RT-PCR, the expressions of aggrecan and type X collagen were significantly higher in the CNPtreated group than in the vehicle-treated group (Fig. 3B) .
Effects of cnP on Mandibular Growth
Because morphometric analysis revealed impaired mandibular growth in Nppc −/− mice, we analyzed the effect of CNP on the growth of condylar cartilage in organ cultures of fetal murine mandibular explants. The length of condylar cartilage of Nppc −/− mice, measured by means of a linear ocular scale mounted on a dissecting microscope, was significantly shorter than that of wild-type mice at the end of the 6-day culture period (Figs. 4A,  4B ). Histological examination revealed that the chondrocytes in the Nppc −/− condylar cartilage were smaller than those in the WT condylar cartilage, resulting in hypoplasia in the Nppc −/− explants (Fig. 4C) . Furthermore, the area of hypertrophic chondrocytes in the Nppc −/− condylar cartilage was smaller than that in the WT condylar cartilage, as is observed in SOS or growth plate of long bones (Fig. 4C) . In contrast, treating WT mandibular explants with CNP dose-dependently increased the length of condylar cartilage (Figs. 4D, 4E) ; 10 −7 or 10 −6 M CNP significantly increased the condylar cartilage length ( p < 0.05, n = 5 for each group) (Fig. 4E) . Not only each chondrocyte but also the area of hypertrophic chondrocytes in the condylar cartilage was enlarged when CNP was supplied to the culture (Fig. 4F) . In fact, immunohistochemical study revealed that both GC-B and CNP were expressed in the prehypertrophic chondrocytes in WT condylar cartilage (Fig. 4G) .
To further elucidate the effects of CNP on condylar cartilage, we examined micromass cultures of chondrocytes from WT condylar cartilage. Histological sections showed that CNP dosedependently increased the thickness of the micromass cultures (Fig. 4H) . CNP increased the sizes of the chondrocytes in the micromass, and the extracellular space stained by Alcian blue (Fig. 4H) . In real-time RT-PCR, the expressions of aggrecan and type X collagen were significantly higher in the CNP-treated group than in the vehicle-treated group (Fig. 4I) .
DIscussIOn
In the present study, we investigated the effects of CNP on craniofacial skeletogenesis. Craniofacial skeletogenesis consists of both endochondral and membranous ossification (Nie et al., 2006) . Morphometric analyses of Nppc −/− and Col2-Nppc-Tg mice by μCT images clearly demonstrated that CNP affects longitudinal skull growth. Because longitudinal skull growth mainly depends on endochondral bone growth of the skull base at SOS and of the nasal septum, these results indicate that CNP stimulates endochondral bone growth during craniofacial skeletogenesis. Furthermore, using organ and micromass cultures, we demonstrated that CNP stimulates endochondral bone growth in the skull base and nasal septum. Of note, these results agreed with those from our previous study showing that CNP is a potent stimulator of the endochondral ossification-based growth of long bones and vertebrae (Yasoda et al., 2004) . Actually, histological analyses revealed that the morphological alterations of 
SOS in Nppc
−/− and Col2-Nppc-Tg mice compared with those in WT mice are the same as those observed in growth plates of long bones in Nppc −/− and Col2-Nppc-Tg mice, respectively. As for the lower jaw, mandibular development depends on endochondral and membranous ossification. Specifically, endochondral ossification contributes to the formation of condylar cartilage, whereas the mandibular body forms via membranous ossification (Oka et al., 2007) . Although we confirmed the stimulatory effects of CNP on endochondral bone growth in condylar cartilage using organ and micromass culture experiments, morphometric analyses revealed that the impaired growth of the lower jaw was weaker than the upper jaw phenotype in Nppc −/− mice, and lower jaws of Col2-Nppc-Tg mice were not affected. These results indicated that the stimulatory effects of CNP on bone growth were weaker in the mandible compared with the skull base. The reason might be that the mandible does not grow by primarily endochondral ossification. During development, bones of the mandible undergo intramembranous ossification surrounding Meckel's cartilage. The condylar cartilage makes up the mandibular portion of the temporomandibular joint. Differential growth of the condylar cartilage may make the mandible seem larger, but that might be due to displacement in the joint, rather than mandibular growth. Conversely, mandibular hypoplasia of Nppc −/− mice might be due to disturbed growth caused by malocclusion. This may explain why the Col2-Nppc-Tg mandibles are the same length as WT mandibles.
In conclusion, we investigated the effects of CNP on craniofacial skeletogenesis. CNP is a pivotal stimulator of endochondral bone growth in the craniofacial region, and plays an important role in midfacial skeletogenesis.
